Background
==========

Tissue engineering (TE) is a promising approach to overcome problems associated with glutaraldehyde-fixed biological heart valve prosthesis, such as calcification, degeneration, and resulting re-operations \[[@b1-medscimonitbasicres-20-194]\]. In recent years many studies have investigated tissue engineering of heart valves. One major topic is finding an optimal scaffold that shows no antigenic potential and allows immigration of host cells. Ultimately, the scaffolds should allow *in vivo* repopulation of the tissue in heart valves, which in that way are able to remodel, and regenerate and have growth potential \[[@b2-medscimonitbasicres-20-194]--[@b4-medscimonitbasicres-20-194]\]. The recellularization of the scaffolds, in which fibroblasts and endothelial cells (EC) play a major role, is of special importance. Various animal models are in use to study tissue engineered heart valves \[[@b5-medscimonitbasicres-20-194]\]. Study setups with juvenile sheep are widely used because tests can be done in the systemic circulation \[[@b6-medscimonitbasicres-20-194]\]. However, these experiments are complex, time-consuming, and expensive. Easier and less expensive study setups as a first step in developing tissue-engineered heart valves are needed. The rat subdermal model offers these advantages \[[@b5-medscimonitbasicres-20-194]\] It has been used widely in studies with tissue of conventional heart valves regarding calcification and cellular infiltration \[[@b7-medscimonitbasicres-20-194]\]. The feasibility of this method in tissue-engineered heart valves remains to be confirmed.

Material and Methods
====================

All experiments were performed in accordance with the Principles of Laboratory Animal Care prepared by the National society of Medical Research and the Guide for the Care and Use of Laboratory Animals prepared by the Institute of Laboratory Animal Resource and published by the National Institute of Health (NIH Publ. 85-23, Rev 1985). The study was approved by the Ethics Committee of Charité -- Medical University Berlin.

The basic principle of the study is the implantation of tissue specimens in Lewis rats in a subdermal position according to the technique of Mako \[[@b7-medscimonitbasicres-20-194]\]. Tissue specimens measuring 1 cm^2^ were cut from porcine aortic walls. Three different groups of tissue specimens were implanted: Group 1: decellularized and endothelialized specimens; Group 2: decellularized specimens; Group 3: native specimens (serving as control).

Preparation of the tissue specimens
-----------------------------------

After trimming, the tissue specimens of group 1 and 2 were decellularized. The tissue specimens of group 3 were stored in antibiotic solution. Decellularization was performed as previously described by Dohmen et al. \[[@b8-medscimonitbasicres-20-194]\]. After decellularization, the tissue was stored in antibiotic solution. For isolation and cultivation of EC, jugular veins were harvested from 30 Lewis rats. Jugular veins were filled with collagenase to disassociate EC from vein walls. The resulting dilution was used to cultivate EC, as published by Dohmen et al. \[[@b8-medscimonitbasicres-20-194]\]. Growth of the EC culture was controlled daily by light microscopy. Decellularized tissue specimens were endothelialized as previously described \[[@b8-medscimonitbasicres-20-194]\]. Efficiency of endothelialization was controlled by Giemsa staining.

Explantation of tissue specimens
--------------------------------

From 10 rats, specimens were explanted after 2 weeks, from another 10 rats after 4 weeks, and from the last 10 rats after 6 weeks. The subcutaneous pockets at the back of the laboratory animals were re-opened and specimens were removed along with surrounding tissue. Afterwards, gross examination of specimens was performed (signs of inflammation, blood vessel ingrowth, encapsulation, and accumulation of ichor) and rats were sacrificed. Ninety tissue specimens could be explanted for analyses.

Histology
---------

Tissue specimens were all preserved in formalin and embedded in paraffin. Longitudinal sections were made from the middle of the specimens. Afterwards, histological examination was performed to observe the cellular repopulation using a Leica DM 1000 microscope. Pictures were taken using a Leica DSC 290 camera. Examination was performed at the former intimal and adventitial side of the aortic tissue and at the cutting edge of the tissue specimens. For evaluation, a representative section of the respective part of the tissue specimens was chosen, using a lens-coverage of 1:400. The following methods were used for histological examination of the implanted tissue.

### Light microscopy

Hematoxylin-eosin staining was performed on all specimens to allow general evaluation of cellular infiltration. For determination of the grade of infiltration, the sections were analyzed using the following scale: 0=no infiltration, 1=low infiltration, 2=medium infiltration, 3=high infiltration.

### Immunohistochemistry

Staining for fibroblasts (Prolyl-4-hydroxylase, clone 6-9H6), monocytes, and macrophages (CD 68, clone KP1) was performed to evaluate the grade of respective infiltration using the following scale: 0=no infiltration, 1=low infiltration, 2=medium infiltration, 3=high infiltration. Staining for Von Willebrand Factor was performed to identify EC and to evaluate the density of blood vessels surrounding the tissue specimens using the following scale: 0=no vessels, 1=1--4 vessels, 2=4--8 vessels, 3=more than 8 vessels.

Statistics
----------

Semi-quantitative data was expressed as mean and standard deviation. Groups were compared with paired Wilcoxon tests and Friedmann tests. The level for statistical significance was set at p value \<0.05. Data management and statistical analysis were done with IBM SPSS Statistics Version 20.0.

Results
=======

Cultivation of EC and endothelialization of tissue specimens
------------------------------------------------------------

The EC culture showed normal growth and after approximately two weeks a 25 cm^2^ monolayer of EC was obtained. EC were used to endothelialize tissue specimens as described above. To control endothelialization, 10 Giemsa-stainings were performed, which all showed an EC monolayer on examined specimens.

Gross examination
-----------------

The strongest inflammatory reaction was seen in native aortic wall specimens after 2 weeks. Decellularized specimens and decellularized/endothelialized specimens showed a low inflammatory reaction without a difference between the groups. At 4 and 6 weeks after implantation, there was no macroscopic inflammatory reaction present in any group.

Histological results
--------------------

Histological evaluation revealed different results for the former intimal and adventitial side of the aortic tissue and the cutting edge of the tissue specimens. The following results of groups I, II, and III apply to the former intimal side of the implanted tissue. This side was chosen for prime analyses because of its major role in a tissue-engineered heart valve.

Group 1 (decellularized/endothelialized specimens)
--------------------------------------------------

Cellular infiltration in this group was low at 2 and 4 weeks after implantation and decreased even more 6 weeks after implantation, with a significant difference in group 3 (p=0.000) and no difference in group 2 (p=0.145). Monocyte infiltration was also low, decreased more at 4 weeks after implantation, and stayed comparable at 6 weeks after implantation ([Figure 1](#f1-medscimonitbasicres-20-194){ref-type="fig"}). Statistical analysis revealed a significantly lower infiltration with monocytes than in group 3 (p=0.000). Fibroblast infiltration was high and decreased at 4 weeks and 6 weeks after implantation, respectively ([Figure 2](#f2-medscimonitbasicres-20-194){ref-type="fig"}). Analysis showed a significantly higher infiltration with fibroblasts than in group 3 (p=0.005) and no difference in group 2 (p=1.000). Surrounding the tissue specimens, many blood vessels were found ([Figure 3](#f3-medscimonitbasicres-20-194){ref-type="fig"}), which was constant for the different explantation points and significantly higher than in group 2 (p=0.001) and group 3 (p=0.005).

Group 2 (decellularized specimens)
----------------------------------

Cellular infiltration in this group was low, with a significant difference in group 3 (p=0.000). It decreased at 4 and 6 weeks after implantation. Monocyte infiltration was also low and decreased at 4 and 6 weeks after implantation ([Figure 1](#f1-medscimonitbasicres-20-194){ref-type="fig"}). A significant difference in Group 3 could be found (p=0.003). Fibroblast infiltration was high and decreased at 4 and 6 weeks after implantation ([Figure 2](#f2-medscimonitbasicres-20-194){ref-type="fig"}). A significantly higher infiltration than in group 3 was found (p=0.005). There were few blood vessels surrounding the tissue specimens, which increased 4 weeks after implantation before it decreased 6 weeks after implantation ([Figure 3](#f3-medscimonitbasicres-20-194){ref-type="fig"}). The amount of blood vessels was comparable to group 3 (p=0.285).

Group 3 (native specimens)
--------------------------

Cellular infiltration in this group was high and decreased 4 to 6 weeks after implantation. Monocyte infiltration also was high and decreased 4 to 6 weeks after implantation ([Figure 1](#f1-medscimonitbasicres-20-194){ref-type="fig"}). At 2 weeks, fibroblast infiltration was low and decreased thereafter ([Figure 2](#f2-medscimonitbasicres-20-194){ref-type="fig"}). At 2 and 4 weeks after implantation, there were many blood vessels surrounding the tissue specimens, which decreased after 4 weeks ([Figure 3](#f3-medscimonitbasicres-20-194){ref-type="fig"}).

Histological results at the cutting edge and the former adventitial side of the tissue specimens
------------------------------------------------------------------------------------------------

Cellular infiltration in Hematoxylin-eosin staining, CD 68 staining, and fibroblast staining higher was in all specimens at the cutting edge of the porcine aortic wall than at the former intimal aortic side. The former adventitial side showed a cellular infiltration in between the cutting edge and the former intimal side. This infiltration decreased the longer the tissue specimens were *in situ*. Decellularized specimens showed a lower cellular infiltration at the cutting edge and former adventitial side than native tissue specimens. The amount of blood vessels surrounding the tissue specimens was not different at the cutting edge and the former adventitial side or intimal side.

Discussion
==========

Recellularization of the scaffold is the key to creating a viable tissue-engineered heart valve. Various animal models are used to analyze migration of cells and their impact on the tissue. Assessment of cellular infiltration in rat subdermal models has been previously reported \[[@b9-medscimonitbasicres-20-194]\] but not yet with the implementation of tissue engineering and non-fixed biologic tissue. [Figure 4A](#f4-medscimonitbasicres-20-194){ref-type="fig"} shows that the amount of cellular infiltration can be demonstrated very well. In our study, morphologically, the main part of cellular infiltration consisted of various types of leukocytes. Staining for monocytes, which are among the first cells involved in inflammatory responses, confirmed this. Of course, several types of monocytes are also important in constructive or regenerative processes \[[@b10-medscimonitbasicres-20-194]\]. From the detection of monocytes as used in this work, no conclusion can be made about their function. Nonetheless, monocytes are believed to be mainly destructive. Combined with the mostly leukocytic infiltration observed in Hematoxylin/eosin-staining in this study, a stronger infiltration with monocytes indicates more inflammatory response. Decellularized specimens (Group 1 and Group 2) compared to native specimens (Group 3) showed significantly lower infiltration of macrophages ([Figure 1](#f1-medscimonitbasicres-20-194){ref-type="fig"}), which means lower antigenicity in the decellularized tissue specimens. The decrease of inflammatory reaction from 2 to 6 weeks points to a reduction of antigenic structures. Meyer et al. showed in an allograft model that decellularization also significantly reduced cellular and humoral immune response to allograft tissue \[[@b11-medscimonitbasicres-20-194]\]. Data obtained in this study relates to the published results of Erdbruegger et al. \[[@b4-medscimonitbasicres-20-194]\], who indicates that reduction of antigenic structures accompanies better structural integrity and functionality.

Furthermore, there was a higher infiltration at the cutting edge of the specimens. Various publications reported the antigenic potential of fragmented or damaged collagen \[[@b12-medscimonitbasicres-20-194],[@b13-medscimonitbasicres-20-194]\]. This could, along with the disintegration of the extracellular matrix (ECM), cause the stronger infiltration with inflammatory cells. Data shows that reduction of the antigenic structures due to decellularization only works by the extraction of cellular components. ECM does not become altered nor does the collagen get cross-linked, so damaged collagen persists as antigenic structure. Therefore, Courtman, suggested that cross-linking procedures could be useful after decellularization \[[@b14-medscimonitbasicres-20-194]\].

Infiltration of fibroblasts was significantly higher in the decellularized specimens than in the native specimens. Endothelialization had no significant impact. Immigration of fibroblasts occurs for several reasons. The migration is induced by various factors produced by surrounding tissue cells. Fibroblasts migrate during inflammatory reactions and during tissue reconstruction after tissue trauma. In tissue-engineered heart valves, fibroblasts are thought to adapt to the environment of the heart valve. Thereby, fibroblasts can regenerate and remodel the decellularized tissue. In our experiment, the detection of fibroblasts was carried out by the staining of prolyl-4-hydroxylase. This enzyme is directly related to the amount of produced collagen. Therefore, the detection of fibroblasts in this study cannot determine if fibroblasts migrated during inflammation or tissue regeneration. The different fibroblast infiltration in decellularized and the native tissue, in spite of a different inflammatory reaction in the various groups, points towards dissimilar causes of migration. The significantly higher amount of fibroblasts in decellularized tissue shows that there is no cytotoxic effect of the decellularization process but further conclusions would only be speculative.

The endothelial layer in blood vessels and heart valves regulates, among other things, cell migration. Also, an impact on calcification of biological heart valves was described \[[@b15-medscimonitbasicres-20-194]\]. *In vitro* endothelialization could therefore increase the recellularization of decellularized tissue and prevent calcification. In this study we showed unproblematic harvesting and cultivation of EC. Endothelialization of xenogenic tissue and implantation in the rat subdermal model was likewise unproblematic. Nonetheless, after explantation no confluent monolayer of EC could be observed. On the contrary, in a juvenile sheep model such a monolayer was observed \[[@b16-medscimonitbasicres-20-194]\] due to the subdermal position of the tissue specimens. Growth of EC is controlled by various cellular and extracellular substances produced by surrounding tissue \[[@b17-medscimonitbasicres-20-194]\]. Dependency between structure and function in growth and alignment of EC \[[@b18-medscimonitbasicres-20-194]\] results in augmented angiogenesis or formation of an EC monolayer. Therefore, growth of EC is different in blood stream and in a subdermal position. The augmented blood vessel density surrounding the *in vitro* endothelialized tissue ([Figure 4C](#f4-medscimonitbasicres-20-194){ref-type="fig"}) is direct consequence of this. [Figure 3](#f3-medscimonitbasicres-20-194){ref-type="fig"} shows also that this effect is persistent over the different implantation intervals. In contrast, the large number of blood vessels surrounding the native aortic wall specimens is caused by the inflammatory reaction. Therefore, blood vessel density declines at 6 weeks after implantation, and after the cellular debris is phagocytized the inflammatory reaction decreases. The higher number of blood vessels in Group 1 probably leads to a regression of cellular infiltration and monocyte infiltration ([Figure 4B](#f4-medscimonitbasicres-20-194){ref-type="fig"}) due a quicker degradation of antigenic structures mediated by better microcirculation. To evaluate effects of an EC monolayer on decellularized tissue, other study setups, involving mechanical stress and positioning in the blood stream, must be considered.

Conclusions
===========

The subdermal model provides permanent contact of implanted tissue to host-tissue and sufficient blood supply, which eases cellular infiltration. The model allows observing the response to implanted tissue in a fast and authentic way. The subdermal position with the absence of blood stream and mechanical stress influences the cellular infiltration of implanted tissue. Therefore, endothelialization as used in this model does not lead to an endothelial monolayer, serving as a barrier between the implanted tissue and the test animal. Instead, it leads to increased vascularization surrounding the tissue specimens. Due to these limitations, the rat subdermal model can only provide basic information about immunologic reactions and recellularization. Conclusions about biological compatibility can be made, but further questions regarding functionality cannot be answered and must be researched with other models.
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![(**A**) Hematoxylin-eosin staining of decellularized aortic specimen (Group 2, right: former Intima, left: former Adventitia, bottom: cutting Edge) with low cellular infiltration. (**B**) CD-68 staining of decellularized aortic specimen (Group 2) with low infiltration of monocytes at the former intimal side of the vessel. (**C**) High density of blood vessels surrounding endothelialized tissue specimen (Group 1).](medscimonitbasicres-20-194-g004){#f4-medscimonitbasicres-20-194}
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